Abstract. Many empirical confinement models for normal and high strength concrete have been developed. Nevertheless, reported studies in the term of confinement of fiber reinforced concrete are limited. Whereas, the use of fiber reinforced concrete in structural elements has become the subject of the research and has indicated positive experiences. Since the stress-strain relationship of concrete in compression is required for analysis of structural members, the study of the stress-strain relationship for synthetic fiber reinforced concrete is substantial. The aim of the study is to examine the capabilities of the various models available in the literature to predict the actual experimental behavior of synthetic fiber reinforced highstrength concrete columns. The experimental data used are the results of the circular column specimens with the spiral spacing and the volume fraction of synthetic fiber as the test variables. The axial stress-strain curves from the tests are then compared with the various models of confinement from the literature. The performance index of each model is measured by using the coefficient of variation (COV) concept of stress and strain behavior parameter. Among the confinement models, Cusson model shows the closest valid value of the coefficient of variation.
Introduction
Many empirical models of compression stress-strain relationship of normal and high strength concrete have been generated by many researchers [1] [2] [3] [4] [5] . However, those of models have limitation to fiber reinforced concrete, especially for synthetic fiber reinforced concrete (SNFRC). While, the development of research on synthetic fiber reinforced concrete has been expanded in structural applications. Moreover, this trend indicates positive experiences.
Experimentally compression stress-strain relationship of fiber reinforced concrete gave the significantly different result of the confinement effect from that of no fiber concrete. Consequently, it showed different trends of material behavior. The short and discrete fibers in the concrete mixture modify its typical brittle response to a significant increase in ductility about the no fiber concrete. Furthermore, a previous study has shown that SNFRC could improve the post-peak behavior, ductility, and energy dissipation ability of concrete elements under axial load [6] . It has proven that the combination of synthetic fibers and transverse steel confinement could reduce the amount of confining reinforcement and still behaved in ductile response [6] .
The effect of fiber content investigation on the post-peak softening branch of the compressive stress-strain curve of steel fiber reinforced concrete (SFRC) found that an increase in the volumetric ratio of steel fibers leads to a relatively flatter post-peak softening branch of the curve [7] . Accordingly, the same trend was also found on SNFRC [6] . Also, this flatter post-peak softening branch behaved on the relatively same pattern due to the combination of discrete steel or synthetic fibers and reduced transverse steel confinement. Although few published research [8 -10] have indicated positive field experiences with SNFRC, the ductile behavior of the fiber reinforced concrete which was being concerned with the research interest in the seismic performance of structural elements become an important issue.
Since the stress-strain relationship of concrete in compression is required for analysis of structural members, the study of stress-strain relationship for synthetic fiber reinforced concrete is substantial. Therefore, this paper presents the study, which examines the capabilities of the various models available in the literature to predict the actual experimental behavior of synthetic fiber reinforced high-strength concrete columns.
Experimental and analytical program 2.1 Specimens
Investigating the ability of the various models available in the literature to the relative performance of the number of column specimens based on the experimental study [6] . The test specimens used in the circular column specimens with the diameter of 135 mm and the cover of 10 mm contained six longitudinal bars of 10-mm diameter. Those specimens used spiral arrangement for the confinement, which consisted of 6-mm diameter ties spaced at either 30, 45 and 60 mm. The specimen details and instrumentation are shown clearly in Fig. 1 . Furthermore, the concrete mixed contained 0.75 and 1.25 percent by weight of synthetic fiber and was cast with nominally 70 MPa concrete. The strength of concrete for each series is respectively 64 MPa, 65 MPa and 63 MPa for the 1.25%, 0.75%, 0% volume fraction of fiber inclusion in the concrete mixtures.
Confinement models
Many researches proposed confinement model for high strength concrete columns, while a few for fiber reinforced concrete. Each model had various limitations. Since limited models available for fiber reinforced concrete, therefore, this investigation used both of fiber reinforced concrete [11, 12] and no fiber concrete confinement [1] [2] [3] [4] [5] model. The aim is about examining the capabilities of the various models from the literature to predict the actual experimental behavior of synthetic fiber reinforced high-strength concrete columns. Table 1 illustrates those models. Razvi [2] Silva [3] Assa [4] Li [5] Mansur [11] Campione [12] Cusson [1] developed a confinement model which consists of two-part of stress-strain relationship for ascending and descending formula. This model was formulated based on the experimental study on 50 large-scale, under concentric loading of the concrete compressive strength of the specimens ranged from 60 to 120 MPa, while the ties used yield strength from 400 to 800 MPa.
Razvi [2] proposed the model of the ascending parabolic branch and descending branch up to 20% of the peak stress. The model was determined based on the nearly full-size column specimens of different shapes, sizes, reinforcement configuration, concrete strength, range 414 to 828 MPa and tie yield strength range 400 to 1387 MPa.
Silva [3] developed two formulas for the confinement model which were based on Popovic's model (1973) for ascending model and Fafitis and Shah's model (1985) for descending branch. This model was predicted from 15 circular spirally confined (with yield strength 440 to 560 MPa) normal and high strength concrete columns (35.5 to 125.4 MPa).
Assa [4] proposed confinement model based on 22 150 x 300 mm concrete cylinders which were tested under monotonic concentric compression with 20 to 90 MPa of the strength of concrete. The stress-strain behavior of concrete confined determined by the several types of reinforcement configurations.
Li et al. [5] developed the confinement model from the experimental results based on Murugama's model (1993). The experimental covered forty short column on cross-sectional shapes of cylindrical (240 mm) and square (240 x 240 mm). The parameter of the tests consists of the strength of concrete (35.2 to 82.5 MPa), tie reinforcement yield strength (445 and 1318 MPa), spacing and volumetric ratio.
Mansur [11] proposed the confinement model from an experimental study for high strength plain and fiber concretes confined by transverse ties. This proposed model has reported well agreed with the stress-strain curves generated experimentally. It explained the confinement might also be provided by using a combination of transverse reinforcement and steel fibers. However, it was established the idea in term of incorporating the improvement in ductility due to the confinement in structural design. Furthermore, the experimental covered 180 specimens on cross-sectional shapes of prismatic consist of 75x75x150 mm, 100x100x200 mm, 125 x 125 x 300 mm dimensions with the strength range of 60-120 MPa and transverse ties yield strength of 493 MPa.
Campione [12] developed the model to express the stress-strain relationship in compression of fiber reinforced concrete for both normal and high strength concrete, with and without conventional reinforcement. This model allows one to determine the maximum strength and strain capacity by determining the effective concrete core of the confining devices at rupture.
Results and discussions
This paper shows the relative performance of analytical models of stress-strain profile to the experimental results of the confined concrete column specimens. The combination of spirally confinement and volume fraction of synthetic fiber on twenty short column specimens observed experimentally [6] . Therefore, those parameters became the primary interest in predicting the performance of analytical confinement models to the experimental results.
The experimental results show that the ascending branches of the measured stress-strain relationships in all columns tests are almost linear, while the descending branches are flatter than those of no fiber concrete columns. Also, the descending branches of the columns with a closer spiral spacing and higher volume fraction of synthetic fibers are flatter than those with wider spacing and lower volume fraction of synthetic fiber. Seven stress-strain analytical models have been investigated their relative performance to the experimental stress-strain relationships of the specimens to propose the stress-strain models of this behavior. Still, these models apply to high strength concrete on circular sections, and three of models are generated from the fiber reinforced concrete.
The results show that the descending part of the curve of the synthetic fiber reinforced concrete columns are flatter and relatively maintain the stress less than 50% of the peak stress down. These behaviors are significantly different to no fiber concrete specimens. Therefore, the strain associated with the stress of 50% of the peak stress can be considered as an additional curve characterization of the descending portion of the stress-strain models. Consequently, the trend of the descending branch of the analytical models adopts the definition of the corresponding strain of 85% of peak stress and strain of 50% of peak stress to characterize the post-peak region. Fig. 2-Fig. 4 describe those analytical models. The graphics in Fig. 2 to Fig. 4 describe the trends of the experimental results. Each picture shows the type of specimens with all confinement models applied to the experimental result. Cusson model shows the best-fitted graphic to the experimental result among others. The graphic trend for each of specimens tends to fit the experimental results. The descending curve retains the trend graph with the experimental data.
Ravzi and Li model give an overview chart opposites between the SNFRC and no fiber concrete specimens. This model describes the slightly underestimate trend chart on SNFRC. Conversely, no fiber concrete specimens illustrated an overestimate trend.
While Silva model provides the same underestimate trend for all the specimens, Assa model gives an illustration that varies in both types of material. Those models show that some are close enough to the experimental results while others remain to underestimate.
Mansur model, which was proposed for the steel fiber reinforced concrete column, shows an opposite trend in the chart between the SNFRC and no fiber concrete specimens. The model which was applied to the no fiber concrete provides an overestimate trend chart, nevertheless, an underestimate trend for the SNFRC.
Like Mansur, Campione model gives the same trend for an overview chart opposite between the SNFRC and no fiber concrete specimens. The overestimate trend charts are provided to the no fiber concrete, while the trend of SNFRC tends to approach with a slight underestimate value and different trend graphs.
Most of the models which are applied to either fiber reinforced concrete or no fiber concrete can define the peak stress (f cc ) well. Meanwhile, the peak strain (ε cc ) value of all the models on all the specimens is varied. The significant differences are shown in the postpeak response of each model.
The capabilities of the stress-strain models of confined concrete columns to predict the actual behavior are determined by the parameters considered as the peak confined stress, f cc , and the corresponded peak strain, ε cc . Therefore, these parameters are used to show the relative performance of the various models using the ratios of the predicted parameters to the respective experimental parameters for all the specimens. The ratio of peak stress and the corresponded peak strain are shown in Table 2 -Table 5 respectively. Since the post-peak behavior of synthetic fiber reinforced concrete columns shows the significant difference compare to those of no fiber one, the parameters of the corresponding strain of the 85% (ε cc85 ) and 50% (ε cc50 ) of the peak stress f cc at the descending branch of the curve are also determined. Moreover, these parts become important to convince the aspect of ductility, and the post-peak failure of synthetic fiber reinforced concrete columns. The ratio of those two parameters is illustrated in Table 6 -Table 9 .
Definition of the post-peak strain behavior corresponded to the 85% and 50% of the peak stress produces a significant difference among Cusson and other models. Moreover, Cusson model well defines the value of the post-peak strain with small variations on SNFRC and slightly underestimate to the no fiber concrete. Cusson model remarkably good provides the value of the post-peak strain on most of the SNFRC specimens with the COV value below 2% and 20% respectively for ε 50cc and ε 85cc . Meanwhile, it produces a slight underestimate on the COV value for the no fiber specimens. Cusson model was derived from the steel fiber reinforced concrete specimen column. It shows the remarkably good value on both peak stress (f cc ) of the SNFRC and no fiber concrete specimens with 2% and 4.7% COV respectively for SNFRC and no fiber concrete. Peak strain values (ε cc ) are also well defined either on SNFRC or no fiber concrete specimens. Although the coefficient of variation produces quite large on both, Cusson model demonstrates the best value compared to the others. Cusson model also shows the best value in the post-peak conditions of the corresponding strain of the 85% and 50% peak stress (ε 85cc and ε 50cc ). Still, the COV value of SNFRC specimens indicates better than that of no fiber concrete specimens.
Ravzi model produces the peak stress, which is relatively close to the experimental result on either SNFRC or no fiber concrete with a good variety. While at the peak and the post-peak strain, Ravzi gives different assessments on both types of specimens. The ε cc , ε 85cc , and ε 50cc of the no fiber concrete specimens describe much better than those of SNFRC specimen. Overall, all variations in the models to the experimental results tend to produce the overestimate results.
Silva model well generates the peak stress on either SNFRC or no fiber concrete with the great variation (COV). Meanwhile, peak strain on both models represents the value of the test results with considerable variation. This model is not able to describe the post-peak strain value with the consistent pattern for the SNFRC and no fiber concrete as well.
Assa is a model which produces relatively good peak stress on either SNFRC or no fiber concrete with a good variation (COV). Conversely, the peak and the post-peak strain were not able to identify the experimental well, especially for SNFRC specimens.
Li model also produces close enough peak stress with a consistent COV on SNFRC and no fiber concrete specimens. However, peak and post-peak strain are described by the overestimate and underestimate with bad and inconsistent variation.
Mansur and Campione model well characterize the peak stress on the SNFRC and no fiber concrete specimen, while overestimate prediction belongs to the peak and post peak strain. Unfortunately, these two models failed in describing the post strain of ε 50cc .
From the seven confinement models which are used in this study, four models of those are equal to the comparison study made by [13] , i.e. Ravzi, Silva, Assa and Li models. The same conclusions are obtained that almost all the models can correctly estimate the ascending part of the experimental stress-strain curve. However, the prediction of the descending part shows a wide variation. Also, no models which can accurately predict the complete behavior of high-strength concrete columns. However, those four models obtain better results since the coefficient of variation (COV) acquired is much smaller, especially in the term of strain. This study results, 14%-73% for COV of peak and post-peak strains ratio in predicting experimental values for all column specimens, while 51.31%-93.19% for those of Djauhari et. al.'s study [13] .
Conclusions
i) The capabilities in predicting the actual compressive test behavior of the various confinement models to the relative performance of the spirally confined no fiber and the synthetic fiber reinforced high-strength concrete columns are defined well for the peak stress, otherwise for the peak and post peak strain. ii) Most of the models of SNFRC and no fiber concrete correctly estimate the ascending part, while underestimate and overestimate the descending part of the experimental stress-strain curve. iii) The performance index of each model which was measured by using the coefficient of variation (COV) concept on some behavior parameters such as experimental peak confined strengths fcc , corresponding peak strain εcc , post-peak strains ε85cc , and ε50cc , from the experimental stress-strain curve show relatively wide variation. (iv) The coefficient of variation (COV) of each behavior parameter in predicting experimental values for all specimens ranges from 0.3% to 73%. The larger values of the COV show that the models are considered less accurate in predicting the value of the parameters. Among the confinement models, Cusson model shows the closest valid value of the coefficient of variation. (v) Cussson model well predicted the descending part of the stress-strain curve of the fiber reinforced concrete, which is significantly different from the no fiber concrete.
